To better understanding the evolutionary characteristics of pore structure in marine shale with high thermal maturity, a natural Longmaxi marine shale sample from south China with a high equivalent vitrinite reflectance value (Ro = 2.03%) was selected to conduct an anhydrous pyrolysis experiment (500-750 • C), and six artificial shale samples (pyrolysis products) spanning a maturity range from Ro = 2.47% to 4.87% were obtained. Experimental procedures included mercury intrusion, nitrogen adsorption, and carbon dioxide adsorption, and were used to characterize the pore structure. In addition, fractal theory was applied to analyze the heterogeneous pore structure. The results showed that this sample suite had large differences in macropore, mesopore, and micropore volume (PV), as well as specific surface area (SSA) and pore size distributions (PSD), at different temperatures. Micropore, mesopore, and macropore content increased, from being unheated to 600 • C, which caused the pore structure to become more complex. The content of small diameter pores (micropores and fine mesopores, <10 nm) decreased and pores with large diameters (large mesopores and macropores, >10 nm) slightly increased from 600 to 750 • C. Fractal analysis showed that larger pore sizes had more complicated pore structure in this stage. The variance in pore structure for samples during pyrolysis was related to the further transformation of organic matter and PSD rearrangement. According to the data in this study, two stages were proposed for the pore evolution for marine shale with high thermal maturity.
Introduction
Inspired by the success of the exploration and development of shale gas in North America [1] , China began to study shale gas in 2005 and has made great breakthroughs in recent years, especially for marine shale gas in south China [2] . The marine shale from south China is characterized by large thickness, high total organic carbon (TOC) content, high brittle minerals content, and high thermal maturity [3, 4] . High thermal maturity is a major feature of marine shale in south China (vitrinite reflectance (Ro) values typically range between 2.0 and 4.5%), which is much higher than shale from North America (Ro values are commonly 1-2.5%) [5] . Many studies have argued that high thermal maturity is a major risk for further exploration of marine shale gas in the Yangtze Platform of south China [6] . Pore structure, adsorbed capacity, shale gas components are all influenced by thermal maturity [7] [8] [9] [10] [11] . Thermal maturity is one of the major controlling factors that affect the pore structure in shale, and shale pore systems are critical for storing and releasing hydrocarbon gas and determining the productivity of shale gas from low permeability and unconventional reservoirs [12, 13] . Therefore, the influence of thermal maturity on pore structure has attracted more attention in recent years. Curtis used SEM (scanning electron microscopy) to qualitatively describe pore evolutionary characteristics from 0.51%Ro to 6.36%Ro and suggested that OM (organic matter) pores are not developed when the Ro is less than 0.9%. In addition, secondary OM pores disappeared in a 6.36%Ro sample [14] . Obviously, SEM techniques cannot quantify pore structure parameters and SEM images may not represent the samples at a given thermal maturity, so no conclusive differences in pore structure during maturation were obtained from their studies. Mastalerz et al. selected five natural shale samples that ranged in maturity from 0.35 to 1.41% to quantitatively characterize the evolutionary characteristics of pore structure based on mercury intrusion and gas adsorption, and proposed a model [15] . There were two shortcomings in their study: (1) Pore evolution of higher maturity was not addressed in their work and (2) although the five natural shale samples had different Ro values, the quartz, clay, and TOC content were also different. Therefore, the interference of shale components for pore evolution could not be ruled out. Sun et al. and Bai et al. used hydrous pyrolysis to investigate the evolution of porosity for oil-shale samples and divided the formation and development of pore structure into three stages corresponding to OM evolution [16, 17] . Chen and Xiao selected a suite of Upper Permian low maturity shale samples to conduct anhydrous pyrolysis, and investigated the evolution of micropores and mesopores [18] . There were clear differences between oil-shale, Upper Permian shale, and marine shale such as the kerogen type and mineral composition [19] , and therefore they may have had a different pore evolution pattern through maturation. Pore evolution characteristics of shale in the Longmaxi Formation from south China were investigated by Liu et al. [20] , and the effects of TOC, thermal maturity, diagenesis and tectonism on shale porosity were also discussed. Based on the effects of thermal maturity on shale porosity evolution, three stages for pore evolution of Longmaxi shale were proposed [20] . However, the evolutionary characteristics of micropore, mesopore, and macropore specific surface area (SSA), as well as pore volume (PV) and pore size distributions (PSD) were not further addressed in their work. In this study, therefore, a suite of natural Silurian Longmaxi marine shale samples was collected from south China and six artificial shale samples across a maturation gradient were obtained using anhydrous pyrolysis. Pore structure was characterized using mercury intrusion, nitrogen (N 2 ) adsorption, and carbon dioxide (CO 2 ) adsorption. In addition, fractal theory was applied to analyze the heterogeneous pore structure. The evolutionary characteristics of pores in marine shale with high thermal maturity were then described.
Samples and Methods
In order to conduct the anhydrous pyrolysis experiment, one block marine shale sample from the Longmaxi Formation in south China was selected. This shale sample was collected from an outcrop but there was no sign of weathering or oxidation, and detailed information on this initial sample is described in Section 3.1.
The anhydrous pyrolysis experiment was conducted at the State Key Laboratory of Organic Geochemistry in the Chinese Academy of Sciences, and the experimental apparatus and process can be found in reference [18] . In this study, the preset temperature interval was 50 • C and it ranged from 500 to 750 • C. Therefore, the initial sample was divided into six sections and each shale sample was prepared to have a height of 2.5 cm and a cylindrical shape with a diameter of 2.5 cm. Every heating run was performed on a new batch of samples. Then six artificial shale samples (pyrolysis products) and the initial sample were tested using gas physisorption (N 2 and CO 2 ) and mercury intrusion to characterize the pore structure. The methods used in this study were the same as in our previous studies [5, 21, 22] which described in detail the experimental apparatus and process, and they are not discussed further in this paper.
Results and Discussion

Mineral Composition and Organic Geochemistry
The Ro value of the initial sample M-0 was 2.03%, which corresponded to the high over-mature stage, and the TOC content was 3.84%, indicating that the shale had fair to good source potential [23] . The primary kerogen type was type I according to the type index (TI) and carbon stable isotope values ( Table 1) . Previous studies have also suggested the kerogen type of Longmaxi shale was mainly type I, followed by type II 1 [4, 24] . Quartz was the dominant in the sample up to 62.5%, followed by clay minerals. Illite was the major clay mineral type up to 82%, followed by Illite/Smectite (Table 2) . Table 3 shows the Ro values of the samples at the preset temperatures. Ro values increased with increasing temperature with an approximately linear correlation and ranged from 2.47% to 4.87%, which corresponded to the highly over-mature stage. A temperature and time index model and the widely used EASY%Ro model have been proposed by Waples and Sweeney, respectively, which characterize the relationships between thermal maturity, temperature, and time [25, 26] . Therefore, the Ro values obtained from the simulation temperatures can be used to represent the shale sample maturity. Chen and Xiao also used an anhydrous pyrolysis experiment to characterize the evolutionary characteristics of shale pores [18] . The preset temperature in their study was similar to that of our study and the Ro values obtained from the preset temperatures were also similar. 
Evolutionary Characteristics of Micropores
The micropore characteristics were quantified using a CO 2 adsorption experiment [15, 21] . According to the International Union of Pure and Applied Chemistry (IUPAC) classification, the CO 2 isotherms of this sample suite were close to type I. Sample M-600 (Ro = 3.36%) adsorbed the most CO 2 volume and sample M-0 adsorbed the least (Figure 1 ). The adsorbed CO 2 volume increased with increasing temperature up to 600 • C and then decreased as temperature continued to increase to 750 • C. This tendency is consistent with micropore PV and SSA. The micropore PV and SSA increased with increasing temperature to a maximum value at 600 °C, and micropore PV and SSA decreased toward the highest maturity sample M-750 (Ro = 4.87%) ( Figure 2 ). The evolutionary characteristics of micropores do not follow a linear increasing trend as suggested by previous studies [29] and there was a reduction in micropore content above 600 °C. There was also a reduction in shale porosity in the oil window as indicated by many previous studies [30, 31] , and the primary reason was pore blocking by liquid hydrocarbon [32] . Then, there was a rapid increase in pore content after the oil window due to OM cracking, which formed a large number of pores, and the OM pores were mostly micropores and fine mesopores [5, 21] . Therefore, the increasing micropore SSA and PV below 600 °C may be attributed to further OM cracking. Chen and Xiao also suggested OM still can gradually evolve into pore development before Ro = 3.50% [18] . As temperature increased further (after 600 °C in this study), however, the OM had almost no ability for hydrocarbon generation to form pores and a further increase of aromatic fused ring condensation led to graphitization and resulted in a decrease in micropore content. The micropore PV and SSA increased with increasing temperature to a maximum value at 600 • C, and micropore PV and SSA decreased toward the highest maturity sample M-750 (Ro = 4.87%) (Figure 2 ). The evolutionary characteristics of micropores do not follow a linear increasing trend as suggested by previous studies [29] and there was a reduction in micropore content above 600 • C. There was also a reduction in shale porosity in the oil window as indicated by many previous studies [30, 31] , and the primary reason was pore blocking by liquid hydrocarbon [32] . Then, there was a rapid increase in pore content after the oil window due to OM cracking, which formed a large number of pores, and the OM pores were mostly micropores and fine mesopores [5, 21] . Therefore, the increasing micropore SSA and PV below 600 • C may be attributed to further OM cracking. Chen and Xiao also suggested OM still can gradually evolve into pore development before Ro = 3.50% [18] . As temperature increased further (after 600 • C in this study), however, the OM had almost no ability for hydrocarbon generation to form pores and a further increase of aromatic fused ring condensation led to graphitization and resulted in a decrease in micropore content. increasing temperature up to 600 °C and then decreased as temperature continued to increase to 750 °C. This tendency is consistent with micropore PV and SSA. The micropore PV and SSA increased with increasing temperature to a maximum value at 600 °C, and micropore PV and SSA decreased toward the highest maturity sample M-750 (Ro = 4.87%) ( Figure 2 ). The evolutionary characteristics of micropores do not follow a linear increasing trend as suggested by previous studies [29] and there was a reduction in micropore content above 600 °C. There was also a reduction in shale porosity in the oil window as indicated by many previous studies [30, 31] , and the primary reason was pore blocking by liquid hydrocarbon [32] . Then, there was a rapid increase in pore content after the oil window due to OM cracking, which formed a large number of pores, and the OM pores were mostly micropores and fine mesopores [5, 21] . Therefore, the increasing micropore SSA and PV below 600 °C may be attributed to further OM cracking. Chen and Xiao also suggested OM still can gradually evolve into pore development before Ro = 3.50% [18] . As temperature increased further (after 600 °C in this study), however, the OM had almost no ability for hydrocarbon generation to form pores and a further increase of aromatic fused ring condensation led to graphitization and resulted in a decrease in micropore content. Micropore PSD of this sample suite changed somewhat from unheated to 750 • C, although there were several volumetric maxima in all shale samples with pore sizes ranging from 0.2 to 1.1 nm ( Figure 3 ). Samples M-0, M-500, M-550, and M-600 had three clear volumetric maxima at 0.35, 0.5, and 0.58 nm, except for sample M-600, which had another peak at 0.85 nm. Samples M-650, M-700, and M-750 had three different volumetric maxima at 0.5, 0.6, and 0.9 nm. This bimodal distribution of micropore characteristics before and after 600 • C indicated that the shale lost some of the smaller micropores but generated some large micropores. This increase in large micropores and a decrease in micropore PV indicated decreasing quantities of micropores after 600 • C. Micropore PSD of this sample suite changed somewhat from unheated to 750 °C, although there were several volumetric maxima in all shale samples with pore sizes ranging from 0.2 to 1.1 nm ( Figure 3 ). Samples M-0, M-500, M-550, and M-600 had three clear volumetric maxima at 0.35, 0.5, and 0.58 nm, except for sample M-600, which had another peak at 0.85 nm. Samples M-650, M-700, and M-750 had three different volumetric maxima at 0.5, 0.6, and 0.9 nm. This bimodal distribution of micropore characteristics before and after 600 °C indicated that the shale lost some of the smaller micropores but generated some large micropores. This increase in large micropores and a decrease in micropore PV indicated decreasing quantities of micropores after 600 °C. 
Evolutionary Characteristics of Mesopores
The mesopore characteristics were quantified using a N2 adsorption experiment [15, 21] . N2 isotherms for this sample suite were close to the type VI isotherm, featuring a noticeable hysteresis loop in all samples ( Figure 4 ). The hysteresis loop was due to capillary condensation taking place in mesopore structures in general [20, 33] . The shape of the hysteresis loop was between types H2 and H3, indicating that silt-shaped and inkbottle-shaped pores were the primary pore types according to the IUPAC interpretation. The adsorbed nitrogen amount did not follow the amount of adsorbed CO2. Sample M-750 adsorbed the most N2 volume and sample M-0 adsorbed the least. Mesopore PV increased with increasing temperature (Figure 5a ), whereas mesopore SSA increased with increasing temperature up to 600 °C and then decreased beyond 600 °C (Figure 5b ). 
The mesopore characteristics were quantified using a N 2 adsorption experiment [15, 21] . N 2 isotherms for this sample suite were close to the type VI isotherm, featuring a noticeable hysteresis loop in all samples (Figure 4 ). The hysteresis loop was due to capillary condensation taking place in mesopore structures in general [20, 33] . The shape of the hysteresis loop was between types H2 and H3, indicating that silt-shaped and inkbottle-shaped pores were the primary pore types according to the IUPAC interpretation. The adsorbed nitrogen amount did not follow the amount of adsorbed CO 2 . Sample M-750 adsorbed the most N 2 volume and sample M-0 adsorbed the least. Mesopore PV increased with increasing temperature (Figure 5a ), whereas mesopore SSA increased with increasing temperature up to 600 • C and then decreased beyond 600 • C (Figure 5b ). Micropore PSD of this sample suite changed somewhat from unheated to 750 °C, although there were several volumetric maxima in all shale samples with pore sizes ranging from 0.2 to 1.1 nm (Figure 3 ). Samples M-0, M-500, M-550, and M-600 had three clear volumetric maxima at 0.35, 0.5, and 0.58 nm, except for sample M-600, which had another peak at 0.85 nm. Samples M-650, M-700, and M-750 had three different volumetric maxima at 0.5, 0.6, and 0.9 nm. This bimodal distribution of micropore characteristics before and after 600 °C indicated that the shale lost some of the smaller micropores but generated some large micropores. This increase in large micropores and a decrease in micropore PV indicated decreasing quantities of micropores after 600 °C. 
The mesopore characteristics were quantified using a N2 adsorption experiment [15, 21] . N2 isotherms for this sample suite were close to the type VI isotherm, featuring a noticeable hysteresis loop in all samples (Figure 4 ). The hysteresis loop was due to capillary condensation taking place in mesopore structures in general [20, 33] . The shape of the hysteresis loop was between types H2 and H3, indicating that silt-shaped and inkbottle-shaped pores were the primary pore types according to the IUPAC interpretation. The adsorbed nitrogen amount did not follow the amount of adsorbed CO2. Sample M-750 adsorbed the most N2 volume and sample M-0 adsorbed the least. Mesopore PV increased with increasing temperature (Figure 5a ), whereas mesopore SSA increased with increasing temperature up to 600 °C and then decreased beyond 600 °C (Figure 5b ). The reason for the different evolutionary characteristics of mesopore PV and SSA may have been due to mesopore PSD rearrangement (Figures 6 and 7) . As shown in Figure 6 , PV values of mesopores 2-50 nm in size increased with increasing temperature from unheated to 600 • C, whereas PV values of mesopores 10-50 nm in size continued to gradually increase with temperature from 600 to 750 • C but the PV for mesopores 2-10 nm in size slightly decreased. Mesopores of 2-10 nm in size contributed most to the mesopore PV for samples M-0, M-500, M-550, and M-600, whereas mesopores of 10-50 nm in size contributed most to the mesopore PV for samples M-650, M-700, and M-750 ( Figure 7) . Note that pores with large diameters contributed more to PV than SSA, so the decreasing mesopore SSA and increasing PV from 600 to 750 • C may have been due to the transformation of mesopores with small diameters to those with large diameters. In addition, mesopore PSD may also explain why there was a stronger positive relationship between mesopore SSA and temperatures up to 600 • C than for PV. We believe increasing mesopore SSA and PV from unheated to 600 • C may have also been due to further OM cracking.
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The macropore characteristics were quantified using mercury intrusion [15, 21] . The seven samples at different temperatures had similar mercury injection and ejection curves, which were characterized by a wide hysteresis loop. This indicated that a large amount of mercury was still trapped in the pores and there was low pore interconnection at various pyrolysis temperatures. The mercury injection volume had no regular pattern from sample M-0 to M-600, whereas there was a slightly increasing injection volume from sample M-600 to M-750 (Figure 8 ). This pattern was consistent with macropore PV. The macropore PV changed a little from unheated to 600 • C and there was a slight increase from 600 to 750 • C (Figure 9a ). As discussed above, micropore and mesopore PV gradually increased from unheated to 600 • C due to further OM cracking, and previous studies have proposed that an increase in shale pore content during maturation is mostly associated with changes in OM. However, there was almost no change for macropore PV from unheated to 600 • C, indicating that the decomposition of OM had little influence on the development of macropores. The pores associated with OM were mostly small in diameter, which has been observed in many previous studies of natural shale samples [34, 35] . The increase in macropore PV from 600 to 750 • C may have been due to the transformation of micropores and mesopores to macropores. Chen and Xiao suggested that pore diameter would enlarge at Ro values above 3.50% [18] , and therefore the increase of macropore PV has two possibilities: Expansion of the macropore size or transformation of pores from small to large diameters. In general, pore diameter had a negative correlation with SSA [36] , and therefore macropores provided little SSA and the macropore SSA had no regular pattern at various pyrolysis temperatures (Figure 9b ). characterized by a wide hysteresis loop. This indicated that a large amount of mercury was still trapped in the pores and there was low pore interconnection at various pyrolysis temperatures. The mercury injection volume had no regular pattern from sample M-0 to M-600, whereas there was a slightly increasing injection volume from sample M-600 to M-750 (Figure 8 ). This pattern was consistent with macropore PV. The macropore PV changed a little from unheated to 600 °C and there was a slight increase from 600 to 750 °C ( Figure 9a ). As discussed above, micropore and mesopore PV gradually increased from unheated to 600 °C due to further OM cracking, and previous studies have proposed that an increase in shale pore content during maturation is mostly associated with changes in OM. However, there was almost no change for macropore PV from unheated to 600 °C, indicating that the decomposition of OM had little influence on the development of macropores. The pores associated with OM were mostly small in diameter, which has been observed in many previous studies of natural shale samples [34, 35] . The increase in macropore PV from 600 to 750 °C may have been due to the transformation of micropores and mesopores to macropores. Chen and Xiao suggested that pore diameter would enlarge at Ro values above 3.50% [18] , and therefore the increase of macropore PV has two possibilities: Expansion of the macropore size or transformation of pores from small to large diameters. In general, pore diameter had a negative correlation with SSA [36] , and therefore macropores provided little SSA and the macropore SSA had no regular pattern at various pyrolysis temperatures (Figure 9b ). characterized by a wide hysteresis loop. This indicated that a large amount of mercury was still trapped in the pores and there was low pore interconnection at various pyrolysis temperatures. The mercury injection volume had no regular pattern from sample M-0 to M-600, whereas there was a slightly increasing injection volume from sample M-600 to M-750 (Figure 8 ). This pattern was consistent with macropore PV. The macropore PV changed a little from unheated to 600 °C and there was a slight increase from 600 to 750 °C ( Figure 9a ). As discussed above, micropore and mesopore PV gradually increased from unheated to 600 °C due to further OM cracking, and previous studies have proposed that an increase in shale pore content during maturation is mostly associated with changes in OM. However, there was almost no change for macropore PV from unheated to 600 °C, indicating that the decomposition of OM had little influence on the development of macropores. The pores associated with OM were mostly small in diameter, which has been observed in many previous studies of natural shale samples [34, 35] . The increase in macropore PV from 600 to 750 °C may have been due to the transformation of micropores and mesopores to macropores. Chen and Xiao suggested that pore diameter would enlarge at Ro values above 3.50% [18] , and therefore the increase of macropore PV has two possibilities: Expansion of the macropore size or transformation of pores from small to large diameters. In general, pore diameter had a negative correlation with SSA [36] , and therefore macropores provided little SSA and the macropore SSA had no regular pattern at various pyrolysis temperatures (Figure 9b ). Macropore PSD is shown in Figure 10 . Macropore had not developed in this sample suite and almost no macropores ranging from 100 nm to 10 µm were detected. Only samples M-650 and M-750 peaked at around 70 nm. There are two reasons why macropores may not have developed in shale with high thermal maturity: (1) The Ro value of the initial sample was 2.03%, which indicated that the shale was buried at a depth greater than 4000 m [37] , leading to a reduction in macropores due to compaction [15] ; (2) the new formed pores had small diameters and were mostly associated with OM. Macropore PSD is shown in Figure 10 . Macropore had not developed in this sample suite and almost no macropores ranging from 100 nm-10 μm were detected. Only samples M-650 and M-750 peaked at around 70 nm. There are two reasons why macropores may not have developed in shale with high thermal maturity: (1) The Ro value of the initial sample was 2.03%, which indicated that the shale was buried at a depth greater than 4000 m [37] , leading to a reduction in macropores due to compaction [15] ; (2) the new formed pores had small diameters and were mostly associated with OM. Figure 10 . PSD derived from mercury intrusion for the shale samples at different temperatures.
Fractal Dimension of Pore Structure
Shale pore structure heterogeneity can account for gas-storage capacity [38] . Fractal theory is a common and reliable method to quantitatively describe the heterogeneous pore structure of a material such as shale gas reservoirs [38] [39] [40] . The fractal dimension (D) is defined as an intrinsic characteristic of shale internal pore structure and fractal dimension has been shown to be a key parameter to represent the heterogeneity of pore structure [39, 40] . In general, the fractal dimension values range between 2 and 3, and the larger the fractal dimension value, the more complex the pore structure [39, 40] . In this study, fractal dimensions of micropores and mesopores were calculated using a Frenkel-Halsey-Hill (FHH) model based on the N2 adsorption isotherm [5] , and the fractal dimensions of macropores were calculated using the model developed by Pfeifer and Avnir [41] , which is based on mercury intrusion data [17, 42] . The formulas for calculating the fractal dimensions of micropores, mesopores (equation 1), and macropores (equation 1) can be described as follows:
In Equation (1), V (cm 3 /g) is the volume of adsorbed gas, P (MPa) is the equilibrium pressure, P0 (MPa) is the saturated vapor pressure, C is a characteristic constant, and D is the fractal dimension; in Equation (2), VP is the cumulative intrusion volume in cm 3 /g at a given mercury pressure P, and D is the fractal dimension.
All plots had strong correlations, indicating that the shale samples were all highly fractal at different temperatures (Figures 11 and 12 ). The models used in this study were therefore appropriate for analyzing pore structure heterogeneity of the shale at different maturity levels. The FHH plots for the sample suite are shown in Figure 11 , and two different linear segments around a relative pressure (P/P0) of 0-0.55 and 0.55-1 can be observed with good fit (correlation coefficients >0.95). A boundary relative pressure of 0.55 MPa was observed between a straight-line segment at a low relative pressure range and a straight line segment at a high relative pressure range, and the pores were divided into less than 4.5 nm and 4.5-50 nm in size according to the Kelvin equation [12, 33, 42] . Pore fractal 
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All plots had strong correlations, indicating that the shale samples were all highly fractal at different temperatures (Figures 11 and 12 ). The models used in this study were therefore appropriate for analyzing pore structure heterogeneity of the shale at different maturity levels. The FHH plots for the sample suite are shown in Figure 11 , and two different linear segments around a relative pressure (P/P 0 ) of 0-0.55 and 0.55-1 can be observed with good fit (correlation coefficients >0.95). A boundary relative pressure of 0.55 MPa was observed between a straight-line segment at a low relative pressure range and a straight line segment at a high relative pressure range, and the pores were divided into less than 4.5 nm and 4.5-50 nm in size according to the Kelvin equation [12, 33, 42] . Pore fractal dimensions of less than 4.5 nm (D1) and 4.5-50 nm (D2) were obtained ( Table 4 ). The mercury injection pressure can be up to 215 MPa (31,175 psi) in the sample cell, indicating that pores approximately 6 nm in size can be filled with mercury based on Washburn equation. Therefore, pressure values in the range of 0-25 MPa were selected to calculate pore fractal dimension of greater than 50 nm (macropores) [42, 43] . Linear segments with good fit (>0.90) were observed and the fractal dimension of macropores (D3) was obtained (Figure 12 ). Fractal dimensions D2 and D3 were similar, with mean values of 2.74 and 2.71, respectively. Fractal dimension D1 was much lower than D2 and D3 with a mean of 2.61, indicating that the heterogeneity of the small pores (pore diameter less than 4.5 nm) was weaker than the heterogeneity of the large pores (pore diameter greater than 4.5 nm) in the shale samples. Tang et al. [42] studied high-maturity shale from the Silurian Longmaxi formation in the southeastern Sichuan Basin, and fractal dimensions D1, D2, and D3 were 2.79, 2.71 and 2.83 respectively, higher than our results for the high over-mature samples. dimensions of less than 4.5 nm (D1) and 4.5-50 nm (D2) were obtained ( Table 4 ). The mercury injection pressure can be up to 215 MPa (31,175 psi) in the sample cell, indicating that pores approximately 6 nm in size can be filled with mercury based on Washburn equation. Therefore, pressure values in the range of 0-25 MPa were selected to calculate pore fractal dimension of greater than 50 nm (macropores) [42, 43] . Linear segments with good fit (>0.90) were observed and the fractal dimension of macropores (D3) was obtained ( Figure 12 ). Fractal dimensions D2 and D3 were similar, with mean values of 2.74 and 2.71, respectively. Fractal dimension D1 was much lower than D2 and D3 with a mean of 2.61, indicating that the heterogeneity of the small pores (pore diameter less than 4.5 nm) was weaker than the heterogeneity of the large pores (pore diameter greater than 4.5 nm) in the shale samples. Tang et al. [42] studied high-maturity shale from the Silurian Longmaxi formation in the southeastern Sichuan Basin, and fractal dimensions D1, D2, and D3 were 2.79, 2.71 and 2.83 respectively, higher than our results for the high over-mature samples. The fractal dimension D1 increased with increasing temperature up to 600 • C, and then decreased with increasing temperature up to 750 • C. Fractal dimensions D2 and D3 have similar trends and increased with increasing temperature (Figure 13 ). Fractal dimensions D1, D2, and D3 all increased as temperature increased up to 600 • C. Shale gas was primarily created from OM during this stage (Ro = 2.0-3.5%) and a large, intricate nanopore network was formed [18] that led to complex pore structure, resulting in increasing fractal dimensions. From 600 to 750 • C, the decrease in fractal dimension D1 was due to the reduced micropore content, which made the micropore structure more homogeneous. For fractal dimensions D2 and D3, although the mesopore and macropore PV increased slightly, the new formed pores were primarily polyhedral and angular in shape, which was confirmed by N 2 adsorption isotherms and mercury injection and ejection curves (Figures 4 and 8) . In addition, as discussed above, the newly formed large diameter pores were mostly a combination of micropores and mesopores, which easily form complex pore shapes. This led to more heterogeneous mesopore and macropore structure and higher values for D2 and D3. Liu et al. and Yang et al. also suggested that the pores with large diameters have more complex pore structure and higher fractal dimensions [36, 44] . Figure 11 . Plots of ln(V) vs ln(ln(P0/P)) reconstructed from the N2 adsorption isotherms: (a) The initial sample M-0, (b) sample M-500, (c) sample M-550, (d) sample M-600, (e) sample M-650, (f) sample M-700, (g) sample M-700.
The fractal dimension D1 increased with increasing temperature up to 600 °C, and then decreased with increasing temperature up to 750 °C. Fractal dimensions D2 and D3 have similar trends and increased with increasing temperature (Figure 13 ). Fractal dimensions D1, D2, and D3 all increased as temperature increased up to 600 °C. Shale gas was primarily created from OM during this stage (Ro = 2.0-3.5%) and a large, intricate nanopore network was formed [18] that led to complex pore structure, resulting in increasing fractal dimensions. From 600 to 750 °C, the decrease in fractal dimension D1 was due to the reduced micropore content, which made the micropore structure more homogeneous. For fractal dimensions D2 and D3, although the mesopore and macropore PV increased slightly, the new formed pores were primarily polyhedral and angular in shape, which was confirmed by N2 adsorption isotherms and mercury injection and ejection curves (Figures 4 and 8) . In addition, as discussed above, the newly formed large diameter pores were mostly a combination of micropores and mesopores, which easily form complex pore shapes. This led to more heterogeneous mesopore and macropore structure and higher values for D2 and D3. Liu et al. and Yang et al. also suggested that the pores with large diameters have more complex pore structure and higher fractal dimensions [36, 44] . PV, SSA, and PSD changed during pyrolysis, which indicated that the pore-related variances were primarily controlled by the temperatures (thermal maturity). This demonstrated a complex evolution of pore structure from unheated to 750 • C (Ro = 2.03-4.87%). According to our results in this study, the pore evolution could be roughly divided into two stages where the transition temperature was 600 • C (Ro = 3.36%):
(1) From unheated to 600 • C, micropore, mesopore and macropore PV values increased with increasing temperature, especially for the micropores and fine mesopores (2-10 nm). The increase of pore content can be attributed to further OM transformation. Mastalerz et al. revealed that there were still a lot of pores filled by liquid hydrocarbon in over-mature shale because of a marked increase in pore volume after extraction by dichloromethane [15] . Previous studies have also suggested that the remaining gas generation potential of OM in over-mature shale is still considerable [18] , indicating that OM can still continue to break bonds and crack to form shale gas. Therefore, further OM transformation can unblock pre-existing pores and create new pores, resulting in pore volume increases. (2) From 600 to 750 • C, the number of pores with small diameter was reduced and pores with large diameter slightly increased. After 600 • C, OM was carbonized and the OM structure became more orderly and inorganic minerals also decomposed, which led to widening diameter in small pores (for example, through coalescence of adjacent pores), resulting in a reduction in micropores and fine mesopores, and an increase in macropores and large mesopores. Bai et al. also revealed that pore diameter enlarged and small pores transformed to large pores when the simulation temperature was above 600 • C [17] . In fact, however, macropores and large mesopores may be difficult to preserve under geological conditions in this stage due to post-compaction.
The proposed pattern of pore evolution in marine shale with high thermal maturity during pyrolysis is a general model based on our results. Both chemical and mechanical processes may be factors that influence pore evolution under geological conditions, so further research is needed on pore evolution in marine shale with high thermal maturity, combined with substantial natural shale samples.
Conclusions
(1) The preset temperature and Ro values of the synthetic Longmaxi marine shale samples (pyrolysis product) had a good linear relationship, and pore structure parameters changed during pyrolysis, indicating the temperature can represent maturity and promote the evolution of pore structure in the samples. (2) Micropore are the most developed from unheated to 600 • C and then the micropore content decreased from 600 to 750 • C. The evolutionary characteristics of mesopore and macropore PV are different from that of SSA. Mesopore and macropore PV increased with increasing temperature, whereas mesopore SSA decreased from 600 to 750 • C. Fractal dimensions of the shale samples increased from unheated to 600 • C, indicating that the pore structure became more heterogeneous at higher maturity levels. From 600 to 750 • C, fractal analysis showed that larger pore sizes meant more complicated pore structure. (3) The evolution of pore structure in marine shale with high thermal maturity could be divided into two stages.
(1) The increase in micropore, mesopore, and macropore content during the transition from unheated to 600 • C was associated with the further transformation of OM into hydrocarbons; (2) the decrease in small diameter pores (<10 nm) and increase in large diameter pores volumes (>10 nm) caused a rearrangement in PSD from 600 to 750 • C, which was associated with the expansion of micropores, mesopores, and macropores.
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